We present a gauge study of an on-line metrology system for chemical-mechanical polishing and a 600 wafer run by run ͑RbR͒ control experiment enabled by on-line wafer measurement. The variability, reliability, and accuracy of the on-line metrology system are found to be very good. We show that a simple control approach provides a root-mean-squared error of less than 100 Å. In contrast, using pilot wafers and sheet film equivalents to control a process results in a 39% decrease in performance, and that using fewer sites may increase variability and lead to an incorrect controlled thickness. We outline how an 8%-80% improvement in throughput, as well as several reductions in cost of ownership, are possible using on-line metrology in conjunction with run by run control.
I. INTRODUCTION
The benefits of run by run ͑RbR͒ process control in semiconductor manufacturing have been demonstrated in several works ͑Refs. 1-10͒. Because on-line metrology systems ͑Refs. 3-5, 10͒ provide a high measurement throughput, they are becoming a key enabler of RbR process control. The NovaScan on-line metrology system by Nova Measuring Instruments, Ltd. provides this potential for the chemicalmechanical polishing ͑CMP͒ process. The purpose of this article is to study the quality of the on-line metrology tool, as well as its ability, in conjunction with an RbR controller, to increase throughput, improve processing quality, and reduce cost of ownership ͑COO͒.
Section II discusses a gauge study of the NovaScan online CMP metrology tool. Both the repeatability and reliability of the metrology tool are discussed in this section, as well as their correlation to ex situ measurements. Section III discusses the RbR control experiment aimed at determining if RbR process control of the average thickness of patterned wafers results in an average error comparable to that of previously studied techniques. In addition, we consider the implications of a reduced number of measurements. The effects of on-line metrology and control on throughput and COO are outlined in Sec. IV. Finally, Sec. V provides conclusions and discusses future work.
II. EVALUATION OF ON-LINE METROLOGY FOR CMP
Before an on-line metrology tool can be used for process monitoring and control, the repeatability and reliability of the tool must be assessed. In addition, some understanding of how these measurements relate to those of current ex situ metrology tools is needed. In this section, we discuss the evaluation of the NovaScan 210 on-line metrology tool performed on an IPEC 472 polisher at Texas Instruments, Inc.
A. Measurement repeatability
The measurement process of the on-line metrology tool is outlined in Fig. 1 . There are four sources of variability in the measurement process: the variability due to ͑a͒ the initial wafer alignment software routine, ͑b͒ the die stepping and alignment, ͑c͒ the site alignment, and ͑d͒ the actual measurement process. The variability of the actual measurement process was determined by repeatedly measuring the same point on the wafer, without any physical movement of the wafer or mechanisms. This process was repeated at two locations on the wafer, each with 25 repetitions, to determine the ''precision'' of the measurement process. The average of the sample standard deviations of these measurements was 0.5 Å. The variation added by the site-to-site movement and the die-to-die movement cannot be measured individually in this tool. However, the wafer-level measurement variation, i.e., that including the site measurement, site-to-site, and die-todie variability was determined as follows. A single patterned wafer was placed on the measurement stage. One site on five die across the wafer was measured. The standard deviation of each of the five sites was calculated over 25 repetitions, without movement of the wafer on the stage. The average of these five standard deviations was determined to be 4.3 Å, as shown in Fig. 1 . The variability including the measurement, site-to-site, die-to-die, and wafer alignment variability was measured by repeating the previous process, but rotating the orientation of the wafer in-between each measurement. This average value was determined to be 8.1 Å, which is also shown in Fig. 1 . We found the repeatability of the measurement process to be very good, considering that the average wafer-to-wafer variation of blanket wafer polishing is a͒ Electronic mail: taber@mit.edu roughly 100-300 Å. Section II C will discuss the variation contributed by wafer loading, small amounts of slurry, and post-polish wafer cleaning.
B. Reliability
The reliability of a metrology tool in a production environment is extremely important. In light of this, we performed two reliability tests of the NovaScan on-line metrology tool. In our first experiment, one site on five die was measured on 100 wafers with the intention of testing the alignment success rate as well as the die-level pattern recognition success rate. Our experiment results show a 100% success rate in wafer alignment. Only one in 500 sites was not found ͑most likely due to a bubble͒, corresponding to a 99.8% success rate. We performed two additional experiments which measured one site in 22 die on 24 wafers. Again we found a 100% wafer alignment success rate. Four of 1056 sites were not found, resulting in a 99.6% success rate.
The reliability of the on-line metrology tool during the RbR control experiment was very good. There was one failure in 96 wafer alignments, a success rate of 99%. The site alignment success rate was 99.7% ͑7 failures in 2112 measurements͒. These site-not-found ͑SNF͒ errors are generally caused by bubbles in the water between the wafer and the measurement window. However, it was found that the pattern recognition trained for this layout had problems finding a site on the far right of the wafer, which could be due to an inability in the die-level or site-level alignment routines to compensate for inaccuracies in the stepping distance or the wafer alignment.
C. Correlation with ex situ metrology
We would also like to understand how these measurements correspond to ex situ measurements. We measured one site on 22 die on two sets of patterned wafers on the NovaScan and on a KLA/Tencor UV 1280 ex situ metrology tool.
The first set were pre-clean pre-polish wafers when measured on both tools. The second set were pre-clean post-polish wafers when measured on the NovaScan and post-clean postpolish wafers when measured on the UV 1280. Care was taken to set up the measurement parameters on both tools. These parameters include pattern recognition, optical properties of the materials being measured, die stepping distances, and site measurement locations. Both the tools are spectraphotometry tools, and thus we expect similar results.
The NovaScan and UV 1280 measurements from preclean pre-polish wafers are linearly correlated with a correlation coefficient of 0.98. The NovaScan values are, on average, 47 Å higher than the UV 1280 values, the standard deviation of the errors ͑the spread͒ is 12 Å, and the range of the spread is 48 Å. These results show that the on-line measurements correlate extremely well with ex situ measurements. The absolute thickness values obtained from each tool are slightly different, and may be due to variations in algorithms, optics, and calibrations.
Our second set of wafers were pre-clean post-polish when measured with the NovaScan and post-clean post-polish when measured with the UV 1280. The scatter plot for the experiment is shown in Fig. 2 . Several values lie above and below the main cluster, in addition to the few SNF errors. This phenomenon is called cycle skipping, and is caused by a failure of the algorithm to distinguish the spectrum of the true thickness from that of another thickness which has a similar spectrum. This problem was eliminated by switching to a more optimal algorithm later in the experiment. The success rate during the region with cycle skipping was 83%. The success rate increased to 99.5% when the more optimal algorithm was used.
In comparison, we find that the pre-clean post-polish NovaScan values are, on average, 175 Å higher than the post-clean post-polish UV 1280 values, the values are linearly correlated with a correlation coefficient of 0.99, the standard deviation of the spread is 31 Å, and the range of the spread is 173 Å. In order to determine the effect of cleaning, Table  I . We see that we have only 9 Å of unaccounted offset, which is within the variation of the measurements.
We are now in a position to extract the increased variation due to the effects of the loading, residual slurry, and surface damage caused by the CMP process. We can calculate this as shown in Table II . If we assume independence of these variations ͑which is most likely not true͒, then we can subtract the cleaning variation and pre-clean pre-polish variation from the post-polish post-clean variation to obtain the remaining variation due to the combined effects of polishing, slurry, and loading. As shown in Table II , the combined variation is less than 27 Å. If there is correlation in these components, then this number could actually be significantly lower. We combine this result from those of Sec. II B in Table III , to summarize our assessment of the variation in the NovaScan measurement process. These combine for a total variation of only 28 Å, far less than the variation of the CMP process itself.
III. RUN BY RUN CONTROL OF CMP WITH ON-LINE METROLOGY
We now demonstrate how this on-line metrology can be used in conjunction with an RbR process control strategy to improve CMP processing. Similar work has been published ͑Refs. 1, 2͒ for controlling blanket wafer removal rate, but as we will show, this is different than controlling directly on patterned wafers. Direct control of patterned wafers using this on-line metrology tool was shown in Refs. 3-5. References 3 and 4 use a multivariate nonlinear controller which controls the average removal rate and wafer-level uniformity, and Ref. 5 uses a self-adjusting control algorithm to control the average post-polish thickness. We will show here that control with only time adjustments and a properly set up measurement scheme performs extremely well, suggesting that these more complex techniques are often unnecessary ͑for thickness-only control͒.
A. Experimental setup
A simple process control scheme was used in a 600 wafer control experiment. In this setup, we simulated the polishing of a lot of patterned wafers by using five blanket ''filler'' wafers, one blanket ''prime'' pilot wafer ͑which was used to monitor the blanket removal rate and uniformity in each lot͒, and one patterned wafer ͑the last wafer in the lot was used as a lot-based monitor wafer͒. The experiment was performed on an IPEC 472 polisher, with a primary polish step on an IC 1000/SUBAIV pad stack followed by a 30 s buff with deionized water on a felt pad. Measurements were taken on a NovaScan 210 on-line metrology tool. All filler wafers and pilot wafers were measured with a 16-point blanket oxide measurement recipe. The patterned wafers were short-flow wafers consisting of a level-one metal layer, followed by a titanium-nitride ͑TiN͒ barrier layer, a silicon-oxy-nitride ͑SiON͒ antireflective layer, and a PETEOS interlevel dielectric ͑ILD͒ layer of a test device. The pattern recognition was trained to measure one site on 22 die on the wafer.
B. Run by run process control algorithm
The RbR control algorithm uses an exponentially weighted moving average ͑EWMA͒ to monitor the average removal rate. This averages past values of the rate to obtain a filtered version of the removal rate, which is weighted to more closely approximate recent values. The EWMA estimate of the average removal rate is updated once per lot, and is used to calculate the polish time for the next lot. The average removal rate on run n is given by r͓n͔ϭ T pre ͓n͔ϪT post ͓n͔ t͓n͔ , ͑1͒ where T pre ͓n͔ is the average thickness of the wafer prior to polishing, T post ͓n͔ is the average post-polish thickness, and t͓n͔ is the polish time on run n. We then compute an EWMA of the average removal rate
where w is the EWMA weight. The controller used during this experiment utilized an EWMA weight of 0.6, and a͓0͔ ϭ5200 Å/min. The EWMA weight was determined from historical data, as in Refs. 6 and 7. The EWMA average is used to determine the polish time on the next run
where T Desired is the desired post-polish thickness. The desired thickness was 8000 Å.
C. Patterned wafer control
The patterned wafer control over the 600 wafers is shown in Fig. 3 . The control run was started with a polish time based on the preliminary estimate of the polish rate given above. This was a poor estimate of the actual rate and the controller responded rapidly. The root-mean-squared error ͑RMSE͒ of the controlled thickness from the desired value after a four-lot break-in period was 121 Å. The RMSE of the uncontrolled ͑fixed polish time͒ case was estimated to be 245 Å. After removing the cycle skipping, the RMSE was 97 and 250 Å for the controlled and uncontrolled thickness, respectively. This level of control is equal to or better than any other reported CMP control using more complex algorithms. This suggests that the improved control is achieved through careful setup and higher measurement frequency, and that these more complex techniques may not be necessary to achieve high quality control.
We now compare this approach with that of controlling the final film thickness on patterned wafers using blanket wafer removal rates and a sheet film equivalent ͑SFE͒. This approach uses historical data to determine an SFE, which is the ratio of the patterned and blanket wafer removal rates. The operator multiplies the blanket rate from a pilot wafer by the SFE to estimate the patterned rate, and uses this to calculate the polish time. Since we had the actual patterned rates, as well as the blanket rates, we determined what the control would have been using this process. The SFE was calculated for each lot, and the control results were determined for each of these values, as well as for the average SFE. The best result for this approach is shown in Fig. 4 . The RMSE was 138 Å, 14% worse than direct patterned wafer control. The control using the average SFE resulted in an RMSE of 162 Å, a 39% decrease.
We also tested the control using a subset of five of the 22 die used during the actual experiment, and estimated the controlled thickness using only these five die. The resulting control, shown in is no cycle skipping, the RMSE was 150 Å, a 78% increase. Even though the five die average was controlled to the 8000 Å target, the 22 die average was roughly 1000 Å lower. Thus, using a reduced number of die can substantially reduce the quality of control.
IV. THROUGHPUT AND COST OF OWNERSHIP IMPROVEMENTS
This section discusses throughput and COO improvements gained by the use of on-line metrology in CMP. These issues are highly dependent on the particular process implementation at a particular site. Therefore, we will discuss several scenarios and outline the throughput and COO improvements gained in each scenario.
A. Throughput
While it is possible that on-line measurement could slow processing, this is mainly when more than five die are measured on a robot-less CMP tool ͑such as the IPEC 472͒. Therefore, we will assume that the on-line measurement does not slow the polishing process. Much of the increase in throughput comes from a reduction in the number of cleans and ex situ measurements. The savings calculated here assume that the polisher waits for the post-polish clean and ex situ measurement before continuing to polish, which is unrealistic for some high volume facilities. Increases for these facilities will be largely dependent upon the number of cleaning and ex situ measurement tools that are available relative to the number of polishers, and which set of tools is the bottleneck for the CMP process.
Our first scenario is outlined in Fig. 6 . This is a highestquality lowest-throughput process. It consists of a 10 min look-ahead and pilot wafer polish, a 30 min clean, a 5 min ex situ measurement, a polish time calculation, a 90 min polish, another 30 min clean, a 30 min ex situ post-polish measurement, rework time calculations, a 10 min rework, a 30 min clean, and a 10 min two wafer ex situ post-polish measurement. If we measure all wafers and rework only those necessary, we obtain a total time of 255 min; a throughput of 0.23 lots/h. If we measure only two wafers ͑10 mins͒ in the lot and rework the entire lot ͑45 min͒, we again obtain a time of 255 min. Utilizing on-line metrology, as shown in Fig. 7 , we eliminate the look-ahead clean cycle, the ex situ lookahead measurement, the first post-polish clean, and the first ex situ post-polish measurement. If we rework only those necessary, then we obtain a total time of 142 min, a throughput of 0.42 lots/h. If we only measure two wafers in the lot and rework the entire lot, we obtain a total time of 177 min, for a throughput of 0.34 lots/h. These correspond to throughput increases of 80% and 44%, respectively. Similar calculations can be made for other scenarios. One might have look-aheads, but no reworks. In this case, there is a 39% increase. If we have reworks, but no look-aheads, then the increases are 23%-54%, depending on the number of wafers measured and reworked. Finally, one may have neither look-aheads or reworks, and the increase in throughput is only 8%. Generally, low-quality high-throughput processes will have smaller increases in throughput, while highquality low-throughput processes will have larger increases in throughput. In some cases, on-line metrology can enable highest-quality processing at throughputs of medium quality processing.
B. Cost of ownership reductions
Reductions in COO could arise in several areas: an increase in throughput, savings in chemical and water usage, and equipment reduction for future facilities. We begin with a discussion of the throughput cases above. For our calculations, we used a standard COO model for an IPEC 472 polisher. The specific dollar amounts for each scenario are proprietary, therefore, we quote the percent reductions in COO. The reduction in COO could be substantially more or less, depending on whether CMP is a bottleneck process in the facility, or whether the CMP area operates in a very high volume mode with significant parallel processing. When we have look-ahead wafers, the 80% increase in throughput in the two wafer rework case and the 44% throughput increase in the full lot rework case, result in COO reductions of 31.6% and 21.8%, respectively. For the case with look-aheads with no rework, the 39% increase in throughput results in a reduction in COO of 17.6%. It may be that only a certain percentage of the lots are reworked. We can extract the cost savings by multiplying the savings from the rework case by the percentage of occurrence and add this to the product of the remaining percentage and the savings from the no rework case. A plot of the COO reductions versus the percent rework is shown in Fig. 8 for the look-ahead wafer scenario. Here, we see the savings will range from 17.6% to 31.6% for the two wafer rework case and from 17.6% to 21.8% for the full lot rework case.
When there are no look-ahead wafers, there is a 12.6%-23% reduction in COO, depending on the number of wafers reworked. With no look-aheads and no rework, there is a fixed 4.3% reduction in COO. If we have only a percentage of the lots reworked when no look-ahead wafers are run, then the savings increases linearly from 4.3% to 23%, depending on the percentage of rework.
The second area for reduction in COO arises due to the reduced water, chemical, and energy usage in cleaning. We can quantify these reductions by considering the reductions in cleaning. In particular, if we do not run look-aheads or perform rework, then we have no reduction in the number of cleans. However, if we have no look-aheads but run rework, then the number of cleans is reduced by 50%. Therefore, if we have a percentage rework, p, then our reduction in COO is p*50% multiplied by the cost of cleaning. Note also that these savings are independent of whether the facility runs in high volume ͑parallel polishing͒ because we still have to clean and measure the wafers in order to decide on reworking them. We can repeat these calculations for the lookahead case. We can eliminate 50% of the cleans if we have no rework. However, Figs. 6 and 7 point out that the savings increases to 66% if we have rework. Therefore, if we have a rework rate, p, then our reduction in cleaning is r ϭ p*(66.7%)ϩ(1Ϫp)*50%; somewhere between 50% and 66.7%. Our reduction in COO is then r times the cost of cleaning. In addition, we see from these calculations that we would also benefit the environment substantially by reducing water, chemical, and power usage due to cleaning by 0%-66.7%.
The third area we outline for COO reduction is that of tool purchasing for future facilities. We saw from the above calculations that the number of necessary cleaning tools could be reduced from 0% to 66.7%. Thus, the reduction in COO for the future facility could be as much as 0%-66.7% times the COO for each cleaning tool. In addition, one could estimate the reduction in the number of ex situ metrology tools. In the scenarios above, we could eliminate one to three ex situ measurements per lot, depending on the level of processing quality. The actual costs may vary, but we assume here that the on-line tool cost is roughly one fifth the cost of an ex situ measurement tool. If we have one ex situ tool for every four polishers, then we could reduce our COO by as much as 20%. This number may be exaggerated because we cannot eliminate all the ex situ tools.
These reductions in COO constitute only those tangible reductions obtained from the use of on-line metrology tool. Further reductions in COO due to RbR process monitoring and control are also possible. However, it is difficult to quantify these improvements. For example, improved CMP process monitoring and control will lead to less wafer scrap, less rework, and higher yields; all of which may have a substantial impact on COO. Lower process variability may enable new processing methodologies. For example, a tighter control of post-polish oxide thickness would decrease the required amount of deposited oxide, decreasing the deposition time, which in turn, would reduce chamber clean time. This would increase throughput and reduce chemical and energy usage for the deposition step. More work is necessary to identify COO reductions for these situations.
V. CONCLUSIONS AND FUTURE WORK
We have shown that the variability of the NovaScan online CMP metrology tool is well below current CMP requirements, and that measurements from this tool correlate well with measurements from ex situ metrology tools. We have performed a 600 wafer experiment which verified this and demonstrated that the NovaScan has good reliability. We have identified a simple RbR control strategy, and the 600 wafer experiment demonstrated that this results in excellent control. Estimates based on this experiment suggest that controlling the average output with a small number of site measurements may result in increased variability due to an increased sensitivity to measurement errors, as well as controlling the process to an inaccurate average value. Estimates indicate that performing control using pilot wafers would cause a 39% increase in the average error of the controlled output over performing control directly on patterned wafers. We have discussed throughput for various scenarios in CMP processing. These scenarios show increases in throughput of up to 80%. These results indicate that the use of on-line metrology could enable highest-quality processes to be run at throughputs of medium quality processes. Finally, we outlined several areas for significant reductions in cost of ownership, including reductions of up to 31% due to increased throughput, reductions of up to 66% due to decreased cleaning and metrology equipment usage and purchasing, and possible reductions due to improved process control.
